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Description 



METHOD OF REDUCING 
INSTANTANEOUS CURRENT DRAW AND 
AN INTEGRATED CIRCUIT MADE 
THEREBY 

Background of Invention 
[0001] FIELD OF THE INVENTION 

[0002] The present invention generally relates to the field of in- 
tegrated circuits. In particular, the present invention is di- 
rected to a method of reducing instantaneous current 
draw and an integrated circuit made thereby. 

[0003] BACKGROUND OF THE INVENTION 

[0004] As semiconductor chips are being designed and manufac- 
tured with increasing functionality requiring higher power 
at lower voltages, the current demand aboard these chips 
is becoming higher and higher. This is particularly true for 
synchronous designs. As shown in FIG. 1, every clock 
edge creates a large instantaneous current draw in each 



timing path due to the edge-triggered elements activating 
at essentially the same time as one another during each 
clock cycle. This is illustrated in FIGS. 1A and IB, which 
show the profiles 20, 24 of instantaneous current drawn 
by two timing paths during one clock cycle. While these 
profiles may be different from one another due to the 
particular characteristics of the individual paths and the 
elements triggered, it is seen that the peaks 28, 32 of the 
instantaneous currents occur very close in time to one an- 
other near the beginning of the clock cycle. 
[0005] since these current draws are additive, as shown in FIG. 

1C when peaks 28, 32 (FIGS. 1A and IB) occur at the same 
time, or nearly so, the result is an overall current draw 
profile 36 having a peak value that is equal to the sum of 
the peak values of individual profiles, or nearly so. If 
peaks 28, 32 of current profiles 20, 24 have substantially 
the same value as one another and occur substantially at 
the same time, the magnitude of peak 40 of the summa- 
tion of the two profiles is approximately twice the magni- 
tude of each of the two peaks. FIGS. 1A-C illustrate the 
state of instantaneous current draw for only two timing 
paths, so the problem may not appear so dramatic. How- 
ever, an actual chip includes many timing paths. As can be 



readily appreciated, when instantaneous current peaks are 
additive across all of the timing paths, the result is a large 
overall instantaneous current draw across the chip near 
the beginning of each clock cycle. The simultaneous 
switching occurring across multiple timing paths is gener- 
ally known as "simultaneous switching noise"(SSN) and 
can be detrimental, e.g., to a power supply due to creation 
of a large voltage spike at peak current draw. 
[0006] Approaches used to minimize the effect of SSN include 

adding power and ground contacts and wiring in order to 
provide a more robust power distribution system, as well 
as adding on-chip capacitance. However, as voltages con- 
tinue to decrease on future technologies, these solutions 
become more costly due to the valuable silicon area re- 
quired for their implementation and/or increased packag- 
ing costs. Asynchronous circuit design could be used to 
minimize SSN. However, asynchronous design is not well 
supported from a design tool perspective. What is needed 
is a solution to SSN that has minimal impact on silicon 
area and that is well supported by conventional syn- 
chronous design tools. 
Summary of Invention 

[0007] | n one aspect, the present invention is directed to a 



method of reducing the magnitude of an overall instanta- 
neous current draw during a timing cycle in a synchronous 
integrated circuit comprising a plurality of timing paths. 
The method comprises the step of determining for each 
one of the plurality of timing paths a corresponding delay. 
A delay element is inserted into each one of the plurality 
of timing paths having the corresponding delay. The delay 
element is configured to induce the corresponding delay 
into that one of the plurality of timing paths. 
[0008] | n another aspect, the present invention is directed to an 
integrated circuit comprising a plurality of timing paths 
each having a late mode margin. A delay element is lo- 
cated in each one of at least some of the plurality of tim- 
ing paths. Each of the delay elements has a delay that is a 
function of the late mode margin of the corresponding 
one of the plurality of timing paths. 
Brief Description of Drawings 

[0009] For the purpose of illustrating the invention, the drawings 
show a form of the invention that is presently preferred. 
However, it should be understood that the present inven- 
tion is not limited to the precise arrangements and instru- 
mentalities shown in the drawings, wherein: 

[0010] FIG. 1A is an instantaneous current draw profile for a first 



timing path, FIG. IB is an instantaneous current draw pro- 
file for a second timing path and FIG. 1C is an overall in- 
stantaneous current draw profile for the first and second 
timing paths; 

[0011] FIG. 2 is a graph illustrating an overall instantaneous cur- 
rent draw profile for two individual instantaneous current 
draw profiles of two timing paths; 

[0012] FIG. 3A is a high-level schematic diagram of an integrated 
circuit chip of the present invention, FIG. 3B is a partial 
schematic diagram of timing and functional circuitry of 
the integrated circuit chip of FIG. 3A; 

[0013] FIG. 4A is a flow diagram illustrating a method of the 

present invention for reducing the overall instantaneous 
current draw during each clock cycle, and FIG. 4B is a flow 
diagram illustrating a second method of the present in- 
vention for reducing the overall instantaneous current 
draw during each clock cycle; 

[0014] FIG. 5A is a histogram of timing paths versus the fraction 
of a clock cycle showing the number of timing paths hav- 
ing a peak instantaneous current draw at each of a plural- 
ity of fractions of the clock cycle; FIG. 5B is a histogram of 
overall instantaneous current draw during a clock cycle 
after performing either the method of FIG. 4A or the 



method of FIG. 4B; and 
[0015] FIG. 6A is a flow diagram illustrating a third method of the 
present invention for reducing the overall instantaneous 
current draw during each clock cycle, and FIG. 6B is a flow 
diagram illustrating a fourth method of the present inven- 
tion for reducing the overall instantaneous current draw 
during each clock cycle. 
Detailed Description 

[0016] As discussed in the background section above, a very high 
overall instantaneous current draw results from the addi- 
tive nature of current draws across a plurality of timing 
paths, particularly when the individual current draws peak 
at nearly the same time during a clock cycle. A solution to 
this problem is to delay the occurrence of some of these 
peaks relative to others of these peaks so that not all of 
the peaks of the individual current draw profiles are addi- 
tive with one another. This solution is illustrated in FIG. 2, 
wherein the individual instantaneous current draw profiles 
20, 24' are the same as shown in FIG. 1A, with the excep- 
tion that current draw profile 24' is delayed, or shifted, by 
a time, At relative to time it would have occurred without 
the delay. In the example of FIGS. 1A and IB, the highest 
peaks 28, 32 were assumed to occur at the same time, so 



that in FIG. 2, At may also be measured relative to peaks 
28', 32' of current draw profiles 20', 24', respectively. 

[0017] prom FIG. 2, it is readily seen that when current draw pro- 
files 20', 24' are added together, the peak value of the 
overall current draw profile 50 is almost one-half of the 
peak value of the overall current draw profile 36 of FIG. 
1C that is reproduced in FIG. 2 for convenience. Similar to 
FIG. 1, FIG. 2 illustrates the general concept of the present 
invention relative to only two current draw profiles 20', 24' 
for convenience. As those skilled in the art will readily ap- 
preciate, the number of individual current draw profiles 
for an actual integrated circuit will be much greater than 
the two shown. However, the concept of delaying the 
clock signals in some of the timing paths relative to oth- 
ers, if possible, is essentially the same as for the two clock 
example of FIG. 2, only more involved due to the number 
of timing paths involved. The present invention includes 
methods for systematically determining the At for each 
timing path, if any, and integrated circuits designed in ac- 
cordance with these methods. 

[0018] FIG. 3A shows in accordance with the present invention an 
integrated circuit (IC) chip, which is generally denoted by 
the numeral 100. Chip 100 may be any type of IC chip 



such as an application-specific IC (ASIC), microprocessor 
or system-on-chip, among others. Chip 100 may provide 
any one or more functions needed to suit a particular de- 
sign. Those skilled in the art will readily appreciate that 
the particular function(s) that chip 100 provides is/are not 
material to the understanding of the present invention. 
Therefore, these functions are not described herein. Chip 
100 includes at least one synchronous circuit 104. 
[0019] As shown in FIG. 3B, synchronous circuit 104 generally in- 
cludes a plurality of timing paths 108, each in electrical 
communication with one or more functional elements 
112, such as latches and logic gates, among others, that 
are triggered during each clock cycle. As will become ap- 
parent from the disclosure below, some of timing paths 
108 may each include a delay element 116 for causing a 
clock signal propagating through that timing path to be 
delayed by a predetermined fraction of a clock cycle. Each 
delay element 116 causes a corresponding delay deter- 
mined according to the methodology of the present in- 
vention so as to reduce the magnitude of the highest peak 
40 of overall instantaneous current draw profile 36 (FIGS. 
1C and 2) across all of timing paths 108 driven that would 
have occurred without the delay elements. In this connec- 



tion FIG. 5A shows an illustrative histogram 140 that rep- 
resents all timing paths 108 under consideration with re- 
spect to the methodology of the present invention prior to 
applying this methodology. As can be seen in FIG. 5A, a 
relatively large peak 144 occurs at about one-tenth of the 
cycle and a smaller peak 148 occurs at about seven- 
tenths of the cycle. The methodology of the present in- 
vention, described below, can be utilized to reduce the 
magnitudes of peaks 144, 148 and further smooth the 
overall instantaneous current draw. 
[0020] Generally, the methods of the present invention described 
below utilize available timing slack (also know as "late 
mode margin"), if any, in each of timing paths to delay the 
timing signal in that path so as to move, or shift, the peak 
of that timing path"s instantaneous current profile in or- 
der to lower the peak of the overall instantaneous current 
profile, as discussed above in connection with FIG. 2. In 
other words, a goal of the invention is to delay the trig- 
gering clock edge along the non-timing-critical paths 
during each clock cycle until some time greater than the 
start of that clock cycle (t Q ), such that the overall instanta- 
neous current draw profile is smoothed over the clock cy- 
cle, thereby reducing the peak value of the overall instan- 



taneous current draw. 

[0021] Although various timing paths may have late mode mar- 
gins available for delaying the corresponding timing sig- 
nals, each of these timing paths may also have an "early 
mode margin"that effectively limits the amount of that 
path"s late mode margin that may be "used"to delay the 
timing signal through that path. Generally, an early mode 
margin is the period between the time an element must be 
triggered in order to contain a valid data bit and the time 
the element is actually triggered at some time later than 
the time the element should have been triggered. Early 
mode margin is caused by delay within the timing path to 
the affected element(s) and results in improper function- 
ing of the circuit. Late and early mode margins can be de- 
termined for each timing path using a static timing tool 
well-known in the industry, e.g., the Synopsis Primetime 
static timing tool used by International Business Machines, 
Armonk, New York. 

[0022] FIGS. 4A and 4B each show a method 200, 300 according 
to the present invention for determining the amount of 
delay, if any, for each timing path. If either method 200, 
300 determines that a timing path can have a delay, a de- 
lay element 116 (FIG. 3A) is designed to impart the delay 



into that timing path in order to effect a reduction in the 
peak of the overall instantaneous current draw profile. 
Accordingly, each of these methods 200, 300 describes an 
approach for minimizing the peak value of overall instan- 
taneous current draw across all timing paths. Generally, 
method 200 of FIG. 4A is a "coarse"approach, whereas 
method 300 of FIG. 4B is generally a more refined ap- 
proach. 

[0023] Referring to FIG. 4A, at step 210 of method 200 a list is 
assembled of all timing paths, i.e., timing paths TP 
through TP max of the IC, or portion thereof, to which the 
method is to be applied. At step 220, the first timing path 
TP (n = 1) is evaluated to determine if its late mode mar- 

n 

gin is greater than zero. If the late mode margin of timing 
path TP is greater than zero, at step 230, the timing sig- 

n 

nal for timing path TP is delayed by a time equal to the 

n 

late mode margin. As seen in FIG. 3B, the timing signal 
may be delayed by adding a delay element (116) for tim- 
ing path TP (108). Then at step 240, any early mode 

n 

problems in timing path TP are fixed. Those skilled in the 

n 

art will readily understand how early mode problems may 
be fixed, such that it is not necessary to discuss step 240 
in any detail in order for those skilled in the art to under- 



stand and practice the present invention. After early mode 
problems, if any, have been fixed, the method proceeds to 
steps 250 and 260, wherein it is determined whether or 
not additional timing paths TP remain to be evaluated or 

n 

all the timing paths have been evaluated, 'f TP n+1 is less 

than TP , then the next timing path is evaluated at step 
max' 3 k k 

220. If TP is equal to TP , then the method ends at 

n+l M MAX 

step 270. If, however, at step 220, the late mode margin 
of the first timing path TP (n = 1) was zero, then no delay 

n 

of the corresponding timing signal would be possible and 
the method would proceed directly to steps 250 and 260 
to determine whether or not any more timing paths re- 
quire evaluation. 
[0024] As mentioned above, FIG. 4B illustrates a related, but re- 
fined, method 300 for determining timing signal delays. In 
method 200 of FIG. 4A, each timing signal is shifted by 
the late mode margin, if any, of the corresponding timing 
path (step 230), and then any early mode problems on 
that timing path are fixed (step 240). In contrast, in 
method 300 of FIG. 4B, step 240 (FIG. 4A) is eliminated by 
delaying each timing signal by the late mode margin of 
the corresponding timing path minus the early mode mar- 
gin of that timing path. This is shown in step 330 of FIG. 



4B. The remaining steps of method 300, i.e., steps 310, 
320, 350, 360 and 370, may be the same as correspond- 
ing steps 210, 220, 250, 260 and 270 of method 200 of 
FIG. 4A, described above. 
[0025] As discussed below in connection with FIGS. 6A and 6B, 

each of method 200, 300 of FIGS. 4A and 4B, respectively, 
may be used as a starting point for a corresponding 
smoothing method 400, 500 that reduces the variation of 
the overall current draw profile. Methods 400, 500 may be 
readily described with reference to a histogram, such as 
histogram 150 of FIG. 5B, that represents all of the timing 
paths evaluated by method 200 (FIG. 4A) or method 300 
(FIG. 4B) relative to a single timing cycle, as determined by 
either method 200 or method 300. Methods 400, 500 of 
FIGS. 6A and 6B illustrate a smoothing function that may 
be used to further smooth the overall instantaneous cur- 
rent draw profile over all timing paths (i.e., TP i through TP 
). Generally, each method 400, 500 identifies peaks 

MAX 

within a histogram, e.g., histogram 144, resulting from 
either method 200 or method 300 and then reduces the 
delay determined in that method by an amount less than 
originally determined if the reduced delay would further 
assist smoothing the overall instantaneous current draw 



profile. Histogram 150 may be generated by adding up all 
of the current signatures, offset by their switching time, of 
the various circuits and circuit elements under considera- 
tion with respect to methods 400, 500. 

[0026] Smoothing the overall instantaneous current draw profile 
represented by histogram 150 essentially involves moving 
timing paths from the highest peak(s), e.g., peak 152, of 
the histogram to lower points on the histogram by reduc- 
ing the delay in one or more timing paths that define the 
highest peak(s). Of course, those skilled in the art will 
readily appreciate that it is not necessary to actually gen- 
erate a histogram after performing either of methods 200, 
300 in order to implement either. Rather, methods 400, 
500 may be performed with appropriate purely mathe- 
matical algorithms. 

[0027] Referring to FIGS. 6A and 5B, method 400 begins at step 
410 by performing method 200 of FIG. 4A. However, at 
this point, delay elements 116 (FIG. 3B) are not yet se- 
lected. Then at step 420, a list is assembled of all timing 
paths having a timing delay determined in method 200. At 
step 430, the highest peak within a histogram, i.e., the 
time within the timing cycle containing the most timing 
paths, is determined. At step 440, it is determined 



whether the highest peak is higher than any other peak. 
Then, at step 450 it is determined whether any of the tim- 
ing paths making up the highest peak are within the list of 
delayed timing paths assembled in step 420. If so, at step 
460, one of such timing paths is moved from the highest 
peak toward time t to, e.g., the fraction of the cycle hav- 
ing the fewest timing paths. As those skilled in the art will 
appreciate that, because the timing paths were moved in 
method by their late mode margins, timing paths can be 
moved only in a direction toward t Q , thereby reducing the 
originally-determined delay. 
[0028] Once a timing path has been moved, steps 440, 450 and 
460 of determining if the highest peak is still the highest, 
determining whether any of the timing paths making up 
the highest peak are in the list of delayed paths and mov- 
ing a listed path to a lower time fraction are repeated in 
sequence until the highest peak is no longer higher than 
an originally second highest peak. If none of the timing 
paths making up the highest peak were determined in 
method 200 to be delayable at step 450, then method 
400 proceeds to steps 470, 470 and 490 because the 
peak cannot be reduced at step 460. At step 470, any 
early mode problems are fixed, at step 480 delay ele- 



merits (116, FIG. 3B) are added to timing paths (108) and 
at step 490 method 400 ends. Similarly, when the highest 
peak, is no longer the highest peak method 400 proceeds 
to steps 470, 480 and 490. Those skilled in the art will 
readily appreciate that method 400 can be easily ex- 
panded to reduce second-highest, third-highest, and so 
on, peaks to further smooth the overall instantaneous 
current draw profile. 
[0029] FIG. 6B illustrates a method 500 of smoothing the overall 
instantaneous current draw profile that may be used in 
conjunction with method 300 of FIG. 4B, which is per- 
formed at step 510. Method 500 is similar to method 400 
of FIG. 6A, except that at step 510 method 500 begins 
with performing method 300 of FIG. 4B rather than 
method 200 of FIG. 4A and that step 470 of method 400 
(FIG. 6A) is eliminated because early mode problems are 
handled by subtracting the early mode margin from the 
late mode margin in step 330 of method 300 (FIG. 4B). 
Otherwise steps 510, 520, 530, 540, 550, 560, 580 and 
590 of method 500 are essentially the same as the corre- 
sponding steps 410, 420, 430, 440, 450, 460, 480 and 
490 of method 400 of FIG. 6A. As those skilled in the art 
will understand, method 500 requires special instanta- 



neous current rules for each circuit, e.g., circuit 104 (FIG. 
3), to be evaluated. These rules are used to add up the 
worst-case instantaneous currents during a clock cycle. 

[0030] of course, those skilled in the art will appreciate that 
methods 400, 500 described above illustrate only two 
ways in which the overall instantaneous current draw may 
be smoothed. Those skilled in the art will appreciate that 
other smoothing methods may be used and will under- 
stand how to devise such other methods such that it is 
not necessary to list and describe such alternatives herein. 

[0031] while the present invention has been described in con- 
nection with a preferred embodiment, it will be under- 
stood that it is not so limited. On the contrary, it is in- 
tended to cover all alternatives, modifications and equiva- 
lents as may be included within the spirit and scope of the 
invention as defined above and in the claims appended 
hereto. 



